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We develop a stochastic scattering theory that quantifies multi-exciton excitation-induced dephasing effects on time-
resolved nonlinear coherent optical lineshapes. Our model captures effects of time-dependent exciton-exciton s-wave
scattering and dynamic Coulomb screening, which we describe within a mean-field limit. The model reveals a num-
ber of features within a two-dimensional non-linear coherent lineshape that can be attributed to many-body dynamics
occurring in the background of the exciton, including dynamic line narrowing, mixing of real and imaginary spectral
components, and multi-quantum states. We test the model by means of multidimensional coherent spectroscopy on
a two-dimensional metal-halide semiconductor that hosts tightly bound excitons and biexcitons with strong polaronic
character. We find that the exciton nonlinear coherent lineshape reflects the effects of many-body correlations. Further-
more, we observe that the exciton lineshape evolves with population time over time windows in which the population
itself is static, in a manner that indicates time-dependent excitation-induced dephasing. Specifically, the dephasing
dynamics slow down with time, at a rate that is governed by the strength of exciton many-body interactions and on the
dynamic Coulomb screening potential. The real part of the coherent optical lineshape displays strong dispersive char-
acter at zero time, which dissipates on the timescale of excitation-induced dephasing, while the imaginary part displays
converse behavior. Our theoretical approach is sufficiently flexible to allow for a wide exploration of how system-bath
dynamics contribute to non-linear spectral behavior.
I. INTRODUCTION
It is well recognized that many-body phenomena have
a profound effect on the linear and non-linear optical
lineshapes of semiconductors with reduced dimensionality,
in which Coulomb correlations can be particularly strong
due to decreased screening and quantum confinement ef-
fects. One such effect is biexciton formation, in which
Coulomb binding of two electron-hole pairs results in new
two-electron, two-hole quasiparticles.1,2 Another important
process that is highly relevant in exciton quantum dy-
namics is excitation induced dephasing (EID),3–18 primar-
ily investigated in two-dimensional (2D) systems such as
III-V quantum wells,4,9–11,13–15 single-layer transition-metal
dichalchogenides,16,17 and two-dimensional metal-halide per-
ovskite derivatives.18 This can be described as the incoher-
ent Coulomb elastic scattering between multiple excitons or
between excitons and an electron-hole plasma generated with
the excitation optical field. The scattering process gives rise to
faster dephasing dynamics compared to the low-density pure-
dephasing limit, and may be the dominant dephasing path-
way at sufficiently high densities. In many systems, espe-
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cially those with strong exciton-phonon coupling, the back-
ground excitations are transient and co-evolve with optical
modes of the system and consequently a strictly incoherent
kinetic description such as this mesoscopic approach or a ki-
netic Markovian Boltzmann-like scattering theory6 cannot de-
scribe coherence dynamics. EID can be effectively rational-
ized from a mesoscopic perspective by means of the optical
Bloch equations, which capture the effect of many-body ex-
citon scattering on both population and coherence dynamics
derived from coherent spectroscopy of semiconductors .11,12
Recent advances towards a more microscopic perspective has
been presented by Katsch et al., in which excitonic Heisen-
berg equations of motion are used to describe linear excitation
line broadening in two-dimensional transition-metal dichal-
chogenides.19 Their results indicate exciton-exciton scatter-
ing from a dark background as a dominant mechanism in the
power-dependent broadening EID and sideband formation.
Similar theoretical modelling on this class of materials and
their van der Waals bilayers have yielded insight into the role
of effective mass asymmetry on EID processes.20 These mod-
elling works highlight the need for microscopic approaches to
understand nonlinear quantum dynamics of complex 2D semi-
conductors, but the computational expense could become con-
siderable if other many-body details such as polaronic effects
are to be included.21 As an alternative general approach, an
analytical theory of dephasing in the same vein as Anderson-
Kubo lineshape theory,22,23 but that that includes transient
EID and Coulomb screening effects, would be valuable to
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FIG. 1. (a) Schematic representation of optical absorption of excitons and exciton-exciton scattering with a background population, where
the dispersion relation is in the exciton representation and~k = ~ke+ ~kh is the exciton wavevector. (b) Time evolution of population N(t)/Neq
from an initial nonstationary state produced by exciton injection. Individual trajectories are represented by blue dots. Asymptotically, the
function reaches a stationary state that yields the Anderson-Kubo limit. (c) Crystal structure of (PEA)2PbI4 with schematic representation of
Coulomb-correlated exciton-exciton elastic scattering.
extract microscopic detail on screened exciton-exciton scat-
tering from time-dependent nonlinear coherent ultrafast spec-
troscopy.24,25
Here we employ a quantum stochastic approach, derived
from a first-principles many-body theory of interacting exci-
tons, to develop an analytical model that describes linear and
nonlinear spectral lineshapes that result from exciton-exciton
scattering processes, and, importantly, their dependence on
population time due to the evolution of a non-stationary/non-
equilibrium excitation background (see Fig. 1).
Our approach is similar in spirit to the celebrated Anderson-
Kubo theory22,23 and reduces to that in the limit of a stationary
background population at sufficiently long times. Our model
captures a microscopic picture of EID by integrating over the
interactions of excitons produced via well-defined coherent
pathway and background excitons that do not have a well-
defined phase relationship induced by the optical field, and by
treating them as a non-stationary source of quantum noise. In
doing so, we can directly insert the spectral density of the bath
into non-linear spectral response functions and obtain fully
analytical expressions for the coherent exciton lineshapes.
We implement the model to investigate the evolution of the
two-dimensional coherent excitation lineshape in polycrys-
talline thin films of a prototypical two-dimensional single-
layer metal-halide perovskite derivative, phenylethylammo-
nium lead iodide [(PEA)2PbI4] (see Fig. 1(C) for the crys-
tal structure). We have selected this material as a model
system because of its well-defined exciton lineshape that we
have modeled within a Wannier-Mott framework26 and be-
cause it displays strong many-body phenomena — strongly
bound biexcitons at room temperature,27 and robust EID ef-
fects.18 Furthermore, we have concluded that the primary
excitations are exciton polarons21,28 — quasiparticles with
Coulomb correlations that are renormalized by lattice dynam-
ics via polaronic effects; both electron-hole and photocarrier-
lattice correlations are ingredients of the system Hamiltonian
such that the lattice dressing constitutes an integral component
of its eigenstates and eigenvalues. This renders the system
highly dynamically disordered such that lattice screening ef-
fects play an important role.18 We measure the dephasing dy-
namics via the homogeneous linewidth extracted by means of
two-dimensional coherent excitation spectroscopy.24,25 In our
measurements, excitons generated coherently by a sequence
of time-ordered and phase-matched femtosecond pulses scat-
ter from incoherent background excitons and thereby undergo
EID, which is percieved via changes of the homogeneous
linewidth. We find that EID affects the complex lineshape by
mixing absorptive and dispersive features in the real and imag-
inary spectral components; the real component of the two-
dimensional coherent spectrum initially displays a dispersive
lineshape that evolves into an absorptive over the timescale
in which EID couplings persist, and the imaginary compo-
nent evolves in the converse fashion. Furthermore, we find
that the homogeneous contribution to the spectral linewidth
narrows with population time, indicating a dynamic slowing
down of the dephasing rate as the EID correlations active at
early time dissipate. We find that the dynamic line narrowing
phenomenon is reproduced by our stochastic scattering theory,
which allows us to explore the effect of dynamic Coulomb
screening on EID quantum dynamics.
II. THEORETICAL MODEL
A complete derivation of our stochastic scattering theory is
presented in Ref. 29; here we outline the elements that allow
us to calculate nonlinear coherent spectral lineshapes. Our
model is initiated by assuming that at t = 0 a non-stationary
population of background excitations is created by a broad-
band laser excitation. This physical picture is sketched in
Fig. 1. In the current work, excitation occurs with a sequence
of phase-matched and time-ordered femtosecond pulses used
to measure a coherent nonlinear excitation spectrum, and the
excitons produced and measured via a well defined coherent
pathway (see Fig. 2 for the relevant ones in this work) are as-
sumed to scatter elastically with their incoherent counterparts
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FIG. 2. Double-sided Feynman Diagrams for coherent response
functions (equation 16) with rephasing phase matching (top): (a)
R2a, (b) R3a, (c) R∗1b, and non-rephasing phase matching (bottom):
(d) R1a, (e) R4a, (f) R∗2b.
— excitons that are produced by the pulse sequence but have
no phase relationship to those that produse signal in our ex-
periments. The initial background population can be charac-
terized by an average population N0 and variance σN0 both of
which depend upon the excitation pulse as well as the density
of states of the material. Optical excitations at k = 0 evolve
in concert with a non-stationary (k 6= 0) background of ex-
citations in which the interaction determined by a screened
Coulomb potential giving rise to a noisy driving term that
effectively modulates the exciton energy gap. These back-
ground excitations undergo diffusion as the population relaxes
to some stationary distribution. In Ref. 29 we show how one
can arrive at a reduced model described by a Hamiltonian of
the form
H0(t)≈ ω0a†0a0+
γ1
2
a†0a
†
0a0a0+2γ1a
†
0a0N(t), (1)
whereby a0 and a
†
0 are exciton operators, N(t) is a stochastic
variable representing the number of background excitations,
γ1 is the exciton/exciton interaction which we obtain from the
s-wave scattering length a and reduced mass µ via
γ1 =
4pi h¯a
µ
. (2)
This assumption does not rely upon the specific form of the
exciton-exciton interaction, only that it be of finite range. In
the current context, this interaction will be due to Coulomb-
mediated exciton-exciton scattering that gives rise to EID.18
However, it is possible that each distinct exciton within the
family of the 2D perovskite system considered here21 have
a distinct and unique value of γ1, as we reported in ref. 18,
where we demonstrated distinct Coulomb screening of differ-
ent exciton polarons. For purposes of our theoretical model,
we assume that the system has a single exciton species that
is susceptible to many-body scattering and therefore EID me-
diated via γ1. The exciton operators themselves then evolve
as
aˆ0(t) = exp
(
−i(ω0+ γ12 nˆ0)t− i2γ1
∫ t
0
N(τ)dτ
)
aˆ0, (3)
where nˆ0 = aˆ
†
0aˆ0 is the number operator of k = 0 excitons.
This development is within the framework of the interaction
representation. These operators are then used to construct the
expressions shown schematically in Fig. 2. Finally, it should
be noted that the angle brackets 〈· · · 〉 denote both the thermal
average over the initial conditions as well as averaging over
the stochastic variable, N(t).
A central part of our model is that we assume that the
background population, N(t) = 〈∑k 6=0 a†kak〉 follows from an
Ornstein-Uhlenbeck process described by the stochastic dif-
ferential equation
dN(t) =−γN(t)dt+σdW (t), (4)
where W (t) represents a Wiener process (continuous-time
stochastic process), γ gives the background relaxation rate,
and σ gives the variance. This is a reasonable assumption
lacking an explicit description of the background population
and its influence on the system as a source of random col-
lisions. Ornstein-Uhlenbeck is a protypical noisy relaxation
process and describes the dynamics of an over-damped oscil-
lator driven by thermal fluctuations. It also describes the be-
haviour of financial markets in which σ describes the volatil-
ity and γ the relaxation following a shock to the market.
For a stationary background population, i.e. 〈N(t)〉 = 0
the covariance evolves according to 〈N(t)N(s)〉 = 〈N(t −
s)N(0)〉 = σ2 exp[−γ|t − s|]/2γ . In this limit, our model re-
duces to the Anderson-Kubo model in which the frequency
fluctuates about a stationary average according to an Ornstein-
Uhlenbeck process. In this case, the population relaxation
time in our model is equivalent to the correlation time in
Anderson-Kubo and this gives the rate at which the environ-
ment relaxes back to its stationary average given a small push.
Moreover, the fluctuation amplitude, ∆2, in Anderson-Kubo is
equivalent to ω0γ1σ2/γ in our model. As we shall show, what
appears at first to be a a simple modification to the dynamics
of a system has rather profound implications in terms of the
non-linear spectral response of the system.
At time t = 0, we push the background population signif-
icantly away from the steady-state distribution to an initial
value of N(0) = N0, the population evolves as
N(t) = N0e−γt +σ
∫ t
0
e−γ(t−s)dW (s). (5)
and
〈Nt〉= e−γtN0, (6)
where N0 is the mean number of background excitations
present at time t = 0. In principle, there will be a distribu-
tion about this mean characterized by a variance σ2N0 . As
4a result, we break reversibility and the time symmetry of
the correlation functions. Mathematically, this means that
〈N(t)N(s)〉 6= 〈N(t− s)N(0)〉 since the choice of initial time
is no longer arbitrary.
In Ref. 29 we discuss the use of Itô calculus30–32 to evaluate
these correlation functions. From a practical point of view,
the Itô calculus is a tool for manipulating stochastic processes
that are closely related to Brownian motion and Itô’s lemma
allows us to easily perform noise-averaged interactions. For
the model at hand, the covariance of N(s) and N(t) is given
by
Cov(Ns,Nt) =〈(Ns−〈Ns〉)(Nt −〈Nt〉)〉
=
σ2
2γ
(
e−γ|t−s|− e−γ(t+s)
)
+σ2N0e
−γ(s+t),
(7)
with σ2N0 being the variance of N(0) while the third term van-
ishes. Similarly, the variance
Var[N(t)] =
(
σ2N0 −
σ2
2γ
)
e−2γt +
σ2
2γ
(8)
also depends upon the initial variance in the background pop-
ulation. Mathematically, the Fourier transform of the kernel of
the integral in Eq. 5 provides the spectral density of the noisy
process. In fact, a trivial modification of the approach would
be to replace the kernel in Eq. 5 with another kernel reflecting
a more complex spectral density. The resulting expressions
for the responses will be more complex indeed. However, Itô’s
lemma provides a tractable route for computing the necessary
response functions.
A. Optical response functions and spectral lineshapes
Such expressions are useful since they enter directly into
the calculation of response functions for linear and non-linear
spectroscopy. For example, the linear response for optical ex-
citation is given by
S(1)(t) = 〈µˆ(t)[µˆ(0),ρ(−∞)]〉 (9)
where µˆ(t) = µ(aˆ†0(t) + aˆ0(t)) is the excitonic transition
dipole operator and ρ(−∞) is the initial density matrix. The
absorption spectrum is obtained by Fourier transform.
Averaging over the fluctuations generates terms involving
cumulants of the background noise, which result in terms such
as 〈
exp
[
−iγ1
∫ t
0
N(τ)dτ
]〉
≈ eiγ1g1(t)−
γ21
2 g2(t), (10)
where 〈· · · 〉 denotes averaging over noise. Here, the first cu-
mulant g1(t) gives rise to a characteristic frequency shift as
the background population decays:
g1(t) =
∫ t
0
〈N(τ)〉dτ = No
γ
(1− e−γt), (11)
and
g2(t, t ′) =
∫ t
0
∫ t ′
0
Cov
[
N(τ),N(τ ′)
]
dτ ′dτ =
σ2
2Γ3
[
2Γmin(t, t ′)+2e−Γt +2e−Γt
′ − e−Γ|t ′−t|− e−Γ(t ′+t)−2
]
(12)
+
σ2No
Γ2
[
e−Γ(t+t
′)− e−Γt − e−Γt ′ +1
]
.
When the two time limits are the same, this reduces to
g2(t) =
∫ t
0
∫ t
0
Cov[N(τ),N(τ ′)]dτdτ ′
=
σ2
2γ3
(2γt+4e−γt − e−2γt −3)+ σ
2
N0
γ2
(1− e−γt)2. (13)
In Ref. 29 we discussed the linear response of our model and
its relation to the Anderson-Kubo model. Here we shall focus
solely on the higher-order response which reveal the dynamic
evolution of the two-dimensional coherent excitation line-
shape. The third-order response involves phase-matched in-
teractions of the system with a sequence of three laser pulses:
S(3)(τ3,τ2,τ1) = 〈µ(τ3)[µ(τ2), [µ(τ1), [µ(0),ρ(−∞)]]]]〉. (14)
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FIG. 3. Theoretical real and imaginary spectra, respectively, of rephasing [(a), (b)] and nonrephasing [(c), (d)] phase matching and at population
waiting time τp = 0 fs.
The times 0< τ1 < τ2 < τ3 define the sequence of the time-ordered interactions in Fig. 2. The expressions for these can evaluated
using the standard rules for double-sided Feynman diagrams (Fig. 2, c.f. Ref. 33) representing various optical paths that for a
given pathway take the form
Rn(τ1,τ2,τ3) =−
(
i
h¯
)4
µ4e−i(ω0+n0γ1)(±τ3±τ2±τ1)
〈
exp
[
iγ21
3
∑
j=1
(±) j
∫ τ j
0
N(s)ds
]〉
(15)
= n20 exp
[
−i(ω0+n0γ1)
3
∑
j=1
(±) jτ j
]
× exp[−iγ1g1(±τ1,±τ2,±τ3)]exp
[
−γ
2
1
2
g2(±τ1,±τ2,±τ3)
]
. (16)
The sign function (±) j takes “+” and “−” depending upon
the sign of the photon wavevector entering or leaving the sys-
tem. Note that g1(τ j)= 0 when the system is initially prepared
in the ground state since N0 = 0. Fig. 2 shows the most rel-
evant diagrams for the rephasing (−) and non-rephasing (+)
optical response.
It is important to notice that the the exciton-exciton interac-
tion term γ1, and hence the screening due to exciton-lattice in-
teractions, appears in three distinct places in the third-order re-
sponses. First, as a frequency shift due to self-interactions be-
tween the bright excitons. Second, as a frequency shift due to
interactions of bright excitons with the evolving background
population density. Third, as the leading contribution to the
lineshape. In addition, the third term involving g2(t) carries
the influence of the initial conditions (via σN0 ). The effect
of many-body exciton-exciton scattering thus leads to time-
evolving EID processes. Given these observations, we expect
that the homogeneous linewidth will evolve with population
time, dictated by the evolution of g2(t).
6τp = 0 fs τp = 80 fs τp = 160 fs τp = 240 fs
-2.42
-2.40
-2.38
-2.36
-2.34
-2.32
A
b
s
o
rp
ti
o
n
E
n
e
rg
y
(e
V
)
(a) (b) (c) (d)
-2.42
-2.40
-2.38
-2.36
-2.34
-2.32
A
b
s
o
rp
ti
o
n
E
n
e
rg
y
(e
V
)
(e) (f) (g) (h)
2.35 2.4
-2.42
-2.40
-2.38
-2.36
-2.34
-2.32
Emission Energy (eV)
A
b
s
o
rp
ti
o
n
E
n
e
rg
y
(e
V
)
(i)
2.35 2.4
Emission Energy (eV)
(j)
2.35 2.4
Emission Energy (eV)
(k)
2.35 2.4
Emission Energy (eV)
(l)
FIG. 4. (a)–(d): Real parts of theoretical rephasing spectra at population times τp indicated at the top of each panel. (e)–(h): Corresponding
imaginary parts of the spectrum. (i)–(l): The norm (absolute value) of the optical response.
III. TWO-DIMENSIONAL COHERENT SPECTROSCOPY
A. Predictions from the stochastic model
Having established the mathematical model, let us briefly
recapitulate some of its features. First, we started by assum-
ing that the background population dynamics give rise to a
stochastic process N(t) that enters into the Heisenberg equa-
tions of motion for the system operators (Eq. 3). In particular,
we assumed that N(t) corresponds to an overdamped Brown-
ian oscillator and that at time t = 0 there is a non-stationary
population of background excitations. These two mathemat-
ical assumptions can be relaxed to some extent if one has a
more detailed description of the spectral density of the back-
ground process and the initial background population. Sec-
ondly, we assume that averages over exponential terms can be
evaluated using the cumulant expansion. What then follow
are the mathematical consequences as expressed in terms of
the spectral responses of the model. In Ref. 29 we explored
the linear response, especially as compared to the Anderson-
Kubo model.22,23
Figs. 3, 4, and 5 correspond to the rephasing and non-
rephasing behaviour of theoretical model as parameterized to
approximate the excitons in the 2D metal-halide perovskite
system studied in the experimental investigations, which we
shall describe later in this section. The parameters used to pro-
duce these spectra are given in Table I. The two pairs of gray
dashed lines correspond to the bare exciton energy at h¯ω0 =
2.35 eV and the dressed exciton energy at h¯ω0+V0 = 2.36 eV.
Fig. 3 gives the rephasing (a,b) and non-rephasing (c,d) spec-
tra computed at τp= 0. Two features are immediately striking.
Both the asymmetry of the signals as well as the lineshape in-
version of the real and imaginary spectral components can be
traced specifically to terms within the response functions in
Eq. 16 that depend upon the transient background relaxation
and exciton self-interactions.
Both the phasing and asymmetry evolve with increasing
population time as shown in Fig. 4(a-l). Importantly, the
rephasing signal evolves being dispersive at τp = 0 to absorp-
tive at longer times. The non-rephasing signal (Fig. 4(e-h) has
complementary behavior, evolving from absorptive to disper-
sive. Figs. 4(i-l) give the absolute value of the total response
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FIG. 5. Exciton 2D coherent lineshape contour at half-maximum
intensity as a function of population waiting time derived from the
theoretical rephasing absolute spectral evolution in Fig. 4. The center
of mass and one of the principle axes are shown for each contour.
as it evolves over τp. The peak is displaced from the diagonal
and its position as well as the linewidth evolves over τp.
In Fig. 5 we extract the contour corresponding to the half-
maximum intensity at various indicated τp population times.
Superimposed over each contour is one of the principal axes
of the contour scaled according to its magnitude. The central
points are the geometric centers of contours. This analysis
clearly shows that the peak systematically narrows, rotates,
and distorts as the exciton co-evolves with the background
population. Moreover, the center peak shifts by about 10 meV
towards the red in both absorption and emission as Coulombic
interactions with the evolving background are diminished.
It should be noted, however, that we assume here that the
initial background excitation is broad compared to its fluc-
tuations about a stationary state. Starting from the opposite
regime, one can obtain a broadening (rather than narrowing)
as the system relaxes to the stationary state. We specifically
choose these conditions to best represent the experimental
conditions of an ultrafast experiment with ∼ 20 fs pulses.
In order to test the predictions of the non-stationary model
described above, we have carried out two-dimensional co-
herent measurements on (PEA)2PbI4 (PEA = phenyethyl-
ammonium) — a multiple-quantum-well-like single-layer
metal-halide perovskite derivative. We choose this mate-
rial to test the theoretical framework developed above be-
cause of its susceptibility to strong many-body effects18,27,34
and dynamic exciton-lattice coupling that drives their dynam-
ics.21,26,28,35 To further examine EID in this material, we dis-
Description Symbol Value
bare exciton energy h¯ω0 2.35 eV
noise variance σ2 0.0025 fs−1
relaxation rate γ 0.01 fs−1
exciton/exciton interaction γ1 20 meV
avg. init. background density N0 2 per unit volume
init. background variance σN0 0.35 per unit volume
TABLE I. Parameters used in the theoretical model to produce
Figs. 3, 4, and 5.
sect the population-time-resolved nonlinear coherent optical
lineshape of the family of exciton polarons21 by means of
two-dimensional (2D) coherent spectroscopy.36 Importantly
for this work, the 2D coherent optical lineshape permits sepa-
ration of the homogeneous and inhomogeneous contributions
to the linewidth,24,25,37 and is therefore an appropriate tech-
nique to spectrally and temporally resolve dephasing rates,
which we exploit here to quantify EID dynamics. We have
discussed the linear spectral lineshape of (PEA)2PbI4 in ref-
erences 21,26,27, and here we summarize it in section III B in
order to then discuss EID signatures in the 2D spectral line-
shape in section III C.
B. Linear absorption lineshape
We display the linear absorption spectrum of (PEA)2PbI4
measured at 5 K in the region of exciton absorption, in
Fig. 6(a). It has been reported extensively that this
spectrum displays structure consisting of multiple reso-
nances.21,26,27,38–42 We have argued previously that the pri-
mary photoexcitations in two-dimensional hybrid metal-
halide perovskite derivatives are a family of exciton po-
larons,21 with exciton binding energies differing by ∼
40 meV,26 and each with distinct phonon dressing.28 Here, we
focus on the two primary transitions labelled XA and XB, but
we also highlight an additional shoulder of XA, labelled X ′A.
We had initially hypothesized that X ′A is the envelope of repli-
cas in a vibronic progression with origin XA,26 but we then
subsequently found that its elastic scattering rate is distinct
from XA and XB,18 indicating it to be another distinct state
within the spectral bandwidth of the excitonic transitions. We
highlight that this spectral structure is general to other deriva-
tives with different organic cations, including ones that induce
lattice distortions that modulate the central exciton binding
energy,26,43 and the relative intensities of the transitions, but
not the energy spacing in the spectral structure.21,26
C. Time-resolved 2D coherent excitation lineshape
We next consider the complex 2D coherent excitation spec-
trum to quantify the consequences of EID in the nonlin-
ear lineshape. We have previously reported that the multi-
ple excitons identified in Fig. 6(a) display strong many-body
effects, manifested via the presence of stable biexcitons27
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FIG. 6. (a) Linear absorption spectrum of (PEA)2PbI4 at 5 K. Real
part of the corresponding rephasing (b) and non-rephasing (c) spectra
at a population time of τp = 0 fs.
and the dominance of EID signatures on the homogeneous
linewidth.18 Both of these phenomena show specific behav-
ior for XA and XB; XB displays clear biexciton signatures with
binding energy ∼ 50 meV, and these signatures appear more
ambiguous for XA.27 Similarly, both excitons display different
dependence of EID on exciton density and on temperature.18
We have interpreted these phenomena as indicative of specific
dynamic Coulomb screening of XA and XB by different pola-
ronic dressing phonons.28
Shown in Figs. 6(b) and 6(c) are the real parts of two dif-
ferent coherent excitation pathways; the time-ordering of the
three optical pulses in the experiment and phase-matching
conditions define the specific excitation pathways, based on
which rephasing [Fig. 6(b)] and non-rephasing [Fig. 6(c)]
spectra are obtained.36 In the rephasing experiment, the pulse
sequence is such that the phase evolution of the polarization
after the first pulse and the third pulse are of opposite sign,
while in the non-rephasing experiment, they are of the same
sign (see equation 16 and Fig. 2). Both measurements shown
in Fig. 6 are taken at a population waiting time τp = 0 fs and
an excitation fluence of 40 nJ/cm−2, which corresponds to an
exciton density in which we have identified effects of exciton-
exciton elastic scattering.18 Corresponding diagonal spectral
features at the energies of XA, X ′A and XB (indicated by the
magenta vertical dotted-lines in Fig. 6) are observed, both in
rephasing and non-rephasing spectra. Apart from these diag-
onal peaks, we observe an off-diagonal excited-state absorp-
tion feature (opposite phase than the diagonal features) corre-
sponding to a correlation between the absorption energy of XA
and emission energy∼ 2.3 eV, which has no corresponding di-
agonal signal. We have assigned this cross-peak to a biexciton
resonance.27
From the norm of the rephasing spectrum at zero time [not
shown in Fig. 6 but shown below in Fig. 7(i)], one can ex-
tract the homeogeneous and inhomogeneous linewidths via
a global analysis of the diagonal and the anti-diagonal line-
shape.24,25 In the limit of weak exciton-exciton elastic scatter-
ing at low exciton density, XA and XB display a homogeneous
linewidth 2γ0 with γ0 ∼ 2 meV, leading to a pure dephasing
time T ∗2 ∼ 500 fs.18 This linewidth is comparable to the in-
homogeneous width of ∼ 6.5 meV, placing this system firmly
in a dynamic disorder regime. Upon increasing exciton den-
sity, the homogeneous linewidth derived from the τp = 0-fs
spectrum increases due to EID arising from many-body elas-
tic scattering. As mentioned earlier in this section, by quanti-
fying the contribution of EID to the homogeneous linewidth,
we have have concluded that XA and XB demonstrate dis-
tinct exciton-exciton scattering rates, which we attributed to
their peculiar phonon dressing28 leading to a specific dynamic
Coulomb screening of their nonlinear coupling.
In Ref. 18, we considered the norm of the rephasing spec-
trum at τp = 0; however upon close inspection of Fig. 6, we
notice that the real part of the lineshape in Fig. 6 displays dis-
persive shape, i.e. derivative shape about the peak energy, both
for diagonal and off-diagonal resonances, in both the rephas-
ing and non-rephasing spectrum. similarly, the imaginary part
of the spectra (not shown in Fig. 6 but shown below in Fig. 7)
display an absorptive lineshape. These lineshapes are unex-
pected in the absence of many-body correlations; the real part
of the spectrum should be absorptive while the imaginary part
dispersive. The spectra in Fig. 6 therefore reveal phase mix-
ing due to many-body Coulomb correlations responsible for
EID, as has been reported in semiconductor quantum wells.13
These phenomena are reproduced by the 2D coherent spectra
predicted by our stochastic theory, as shown in Fig. 3.
The evolution of the rephasing lineshape shown in Fig. 6(b)
with population waiting time τp is displayed in Fig. 7. The
top row displays the real part of the spectrum at different val-
ues of τp, the middle row the imaginary component, and the
bottom row the norm (absolute value) of the complex spec-
trum. We observe that the phase scrambling phenomenon dis-
played in the τp = 0-fs spectrum [Fig. 6(b)] dissipates within
τp ≤ 240 fs: the real component of the spectrum evolves from
an initially dispersive [Fig. 7(a)] to absorptive [Fig. 7(d)] line-
shape, while that of the imaginary part evolves from absorp-
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FIG. 7. (a)–(d): Real parts of experimentally measured rephasing spectra at population times τp indicated at the top of each panel, measured
at 5 K. (e)–(h): Corresponding imaginary parts of the spectrum. (i)–(l): The norm (absolute value) of the optical response. All spectra
components are plotted in the same relative vertical color scale to facilitate comparison of the time-dependent signal.
tive [Fig. 7(e)] to dispersive [Fig. 7(h)] character. We note that
although the evolution of the real and imaginary components
of the complex lineshape is substantial over this ultrafast time
window, the population decay of the diagonal features for XA
and XB is weak, observed via the modest evolution of the total
intensity in Fig. 7(i)–(l). The decay of the XA′ diagonal peak
and the biexciton cross peak appears more substantial.
Apart from the marked evolution of the complex lineshape,
the total linewidth of each diagonal exciton resonance, derived
from the absolute spectrum, narrows with population time
[Fig. 7(i)–(l)]. Inspection of these spectra reveal dynamic nar-
rowing of XA and XB, primarily along the anti-diagonal spec-
tral axis. It is more difficult to visually ascertain the linewidth
evolution of XA′ and the biexciton cross peak given the non-
neglgible decay over this time period. The dynamic line nar-
rowing in Fig. 7 suggests the loss of a dephasing path with
time with respect to the total dephasing process at τp = 0 fs.
This phenomenology reflects the spectral evolution predicted
in Figs. 4 and 5, which highlight the lineshape evolution in-
terchanging absorptive and dispersive characteristics and dy-
namic line narrowing, respectively.
To quantify the measured dynamic line narrowing, we dis-
play in Fig. 8 the homogeneous linewidth as extracted in refer-
ence 18 as a function of population time τp. This is extracted
by a global analysis of the diagonal and the antidiagonal line-
shape as developed in references 24,25: in the limit of sim-
ilar homogeneous and inhomogeneous widths as is the case
in this material,18,26,27 the diagonal lineshape follows a Voigt
profile, while the antidiagonal spectrum is the product of a
Gaussian and complementary error function, but both diag-
onal and antidiagonal widths depend on the dephasing time.
By this analysis, Fig. 8 shows that the linewidth of XA reduces
most drastically, but that of XB also reduces over a typical time
window, while XA′ displays no line narrowing. We note that
in reference 18, we reported that XA has a stronger density de-
pendence of EID than XB, which is consistent with the obser-
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FIG. 8. Homogenous linewidths obtained from the lineshape analy-
sis of the absolute value of the rephasing spectra (see reference 18)
plotted as a function of the population time for (a) XA, (b) XA′ and (c)
XB exciton lines shown in Fig. 6(a).
vation derived from Figs. 8(a) and 8(c). We have found XB to
be more strongly displaced along phonon coordinates involv-
ing octahedral twist in the plane of the inorganic layer, and out
of plane scissoring of the Pb—I—Pb apex.28 Interestingly, the
homogeneous linewidth of XA displayed thermal broadening
by a dominant phonon mode on the inorganic plane, while the
thermal broadening mechanism for XB involved a phonon with
motion involving the organic cation.27 The stronger exciton-
phonon coupling implies that XB is more susceptible to dy-
namic screening than XA, which is consistent with the data in
Fig. 8 and reference 18. Furthermore, the linewidth of XA′
displayed weaker, non-Boltzmann temperature dependence.18
The linewidth of XA′ remains relatively constant over the
probed population time. While this might initially suggest
that this resonance is immune to EID effects, we note that the
real part of the rephasing spectrum associated to this particu-
lar transition exhibits a dispersive lineshape at all population
times. This indicates the clear presence of EID effects, as also
confirmed by the density dependent linewidth previously pub-
lished in Ref 18. The trend shown in Fig 8 (b) on the other
hand suggests that the interexciton scattering does not evolve
with the population time, at least within the probed time range.
Inspection of the the lineshape however suggests that the dis-
persive lineshape of the real part is preserved at all population
times, suggesting XA′ is subjected to EID over a much longer
period of time than the other two resonances. Following the
arguments developed by the theory in this paper, this implies
the presence of a background exciton population that con-
tributes to the scattering of XA′ and whose stochastic evolution
is that of the background of the other two resonances. This re-
iterates our assignment of the observed resonances with the
spectral structure to excitonic states of distinct character and
possibly origin.21
D. Consequences for the exciton spectral structure
The origin and nature of the spectral finestructure of the ex-
citonic transition — the presence of distinct resonances such
as XA, XA′ and XB — has been under debate recently.42 Early
works on 2D hybrid metal-halide perovskites suggested that
the spectral structure is the outcome of degeneracy lifting
process driven by spin-exchange interactions ubiquitous to
lead based semiconductors. Even though the spin-exchange
energy was estimated to be of the same order magnitude
as the energy spacing within the finestructure,44 Kataoka et
al.45 and recently Urban et al.46 noted that the equivalence
in the diamagnetic shift of each of the resonances. Alter-
natively, more chemical perspective was also suggested in
which the structure was assigned to a vibronic progression
within a single exciton state.41,46 This was particularly high-
lighted in (PEA)2PbI4, where Urban et al. and Straus et al.
have identified a vibrational mode at about 40 meV in the
non-resonant Raman spectrum associated to the motion of the
phenylethyammonium cation. In order to unambiguously es-
tablish the vibronic nature, it is essential to obtain the res-
onant Raman spectrum, which in fact has dominant contribu-
tion from the phonon modes of the inorganic lattice. This type
of measurement over a lower frequency range reveals distinct
displacements along different phonon modes for XA and XB.28
Moreover, we highlight that similar, if not the same spectral
structure is observed even in other 2D hybrid metal-halide per-
ovskite derivatives with other organic cations, further suggest-
ing that it is unlikely to be vibronic in nature.
We have presented arguments in Ref. 21 as to why we con-
sider such an interpretation does not explain a series of exper-
imental observations, including distinct polaronic dressing of
XA and XB,28 distinct screening of EID for these excitons,18
distinct biexcitonic binding.27 We consider that the distinct
behavior of XA and XB in Fig. 8 adds to the body of work that
establishes these excitons as a family of distinct but correlated
excitons with strong polaronic character.
IV. DISCUSSION
We present here a joint theoretical and experimental study
of excitation induced dephasing that connects the dynamics of
an otherwise dark background density of states to the evolu-
tion of the 2D coherent spectral lineshape. Such dynamics are
input in our analytical model in the form of the spectral den-
sity and corresponding stochastic equations of motion of the
background population which dress the quantum operators for
the “bright” degrees of freedom. An important feature of our
model and its connection to the experimental observation is
that the complex and potentially intractable dynamics of the
dark variables can be reduced to a single stochastic variable
and a few physical parameters that can be directly related, ex-
citon/exciton interactions and density of states. Coupled with
Ito calculus, this provides a powerful analytical tool for inter-
preting dynamical features in 2D coherent spectra. Further-
more, the approach can be extended to include additional in-
teractions such as polaronic binding and spin-orbit coupling.
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We reserve inclusion of these physics for future investigation.
Our model predicts that the homogeneous linewidth evolves
with population time purely due to the dynamics of many-
body correlations. Dynamic line broadening effects in 2D co-
herent spectra are often interpreted in the context of spectral
diffusion.36,47 This work demonstrates that in condensed mat-
ter systems, competing line narrowing processes due to many-
body interactions can complicate such lineshape evolution.
We consider that the fact that the stochastic model developed
here and in Ref. 29 predicts that the linewidth changes with
time (whether it increases or decreases) is in itself a very im-
portant result with profound implications in condensed-matter
chemical physics.
This stochastic theory as developed here is strictly valid for
semiconductors, but it can be readily developed to include fur-
ther physics appropriate for the description of Moiré excitons
in 2D transition-metal dichalchogenide heterostructures,48
and signatures of ground-state spin-orbit entanglement in the
optical conductivity spectrum of quasi-one-dimensional Mott
insulators,49,50 for example, These are the two optically ac-
cessible systems in which many-body interactions are domi-
nant. Appropriate details of these physics can be, in principle,
included in the spectral density in equation 5, and the con-
sequences of these on nonstationary spectral behavior can be
unravelled via our model.
V. PERSPECTIVE
The spectral density of the environment plays a central role
in many complex systems and governs the relaxation and de-
coherence of a quantum subsystem. Typically, we treat the
environment as being quasi-stationary. The theoretical model
presented in this article presents a means to represent the en-
vironment as nonstationary, here in the context of exciton-
exciton scattering, leading to a rich evolution of the nonlin-
ear coherent exciton lineshape. Our perspective is that there is
ample scope to include richer physics in the spectral density,
such as an explicit treatment of polaronic effects in materials
such as the 2D metal-halide perovskites considered here.21 We
consider that this theoretical development presents opportuni-
ties to include microscopic understanding of many-body in-
teractions that are dominant in condensed-matter systems on
their quantum dynamics.
The theoretical development presented here allows the ex-
ploration of the following open questions in chemical physics
community: in multi-chromophoric systems such as light har-
vesting complexes, does sculpting of the spectral density de-
termine sensitively (compared to experimental observables)
the evolution of the optical exciton lineshape in 2D coher-
ent excitation spectra? Does the additional microscopic detail
contained in the spectral density of the environment matter to
capture the observed lineshape evolution? We believe that our
theoretical framework can contribute towards this fundamen-
tal understanding.
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Appendix A: Experimental Methods
1. Sample Preparation
The samples were prepared by Dr. Daniele Cortecchia for
the work presented in reference 18. Thin films of (PEA)2PbI4
(thickness of 40 nm) were prepared on sapphire substrates
(optical windows 25× 0.5 mm, Crystran) by spin coating a
0.05 M solution of the perovskite in N,N-Dimethylformamide
(DMF). A quantity of 12.5 mg of (PEA)I (Dyesol) was mixed
with 11.5 mg PbI2 (TCI) and dissolved in 500 µL of DMF
(Sigma Aldrich, anhydrous, 99.8%). The solution was left to
dissolve on a hotplate at 100◦C for 1 hour. After exposing the
substrate under oxygen plasma, the solution (kept at 100◦C)
was spin-coated on the sapphire window at 6000 rpm for 30 s,
and the film was annealed on a hotplate at 100◦C for 15 min-
utes. The solution and film were prepared in a glove-box un-
der a N2 atmosphere.
2. Two-Dimensional Coherent Excitation Spectroscopy
The pulse train (25 fs, attenuated to a fluence ∼ 40 nJ/cm2,
centered at 530 nm) was generated by a home-built single-
pass non-collinear optical parametric amplifier pumped by the
third harmonic of a Yb:KGW ultrafast laser system (Pharos
Model PH1-20-0200-02-10, Light Conversion) with output
pulse train at 1030 nm and a repetition rate of 100 kHz, an
output power of 20 W and a pulse duration of 220 fs. Two-
dimensional spectroscopic measurements were performed us-
ing a home-built, pulse-shaper-based multidimensional spec-
trometer that passively stabilizes the relative phase of each
pulses.51 Our implementation is described in detail in ref. 27,
albeit with a different ultrafast laser source with much lower
repetition rate. Each beams was independently compressed
using chirp-scan52 to a pulse duration of 25 fs FWHM, and
was characterized using cross-correlated second harmonic fre-
quency resolved optical gating53 (SH-XFROG) in a 10 µm-
thick BBO crystal placed at the sample position. For details of
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pulse characterization, including a typical SH-XFROG trace,
we refer the reader to reference 18 since the data presented
in this manuscript was taken simultaneously as the data pre-
sented in that article. The sample was kept at 5 K using a
vibration-free cold-finger closed-cycle cryostat (Montana In-
struments).
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